Abstract -The frequency of a power system should be maintained within the allowed limits for stable operation. When a disturbance such as generator tripping occurs in a power system, the frequency is recovered to the nominal value through the inertial, primary, and secondary responses of the operating synchronous generators (SGs). However, for a power system with high wind penetration, the system inertia will decrease significantly because wind generators (WGs) are operating decoupled from the power system. This paper proposes a dynamic droop-based inertial control for a WG. The proposed inertial control determines the dynamic droop depending on the rate of change of frequency (ROCOF). At the initial period of a disturbance, where the ROCOF is large, the droop is set to be small to release a large amount of the kinetic energy and thus the frequency nadir can be increased significantly. However, as times goes on, the ROCOF will decrease and thus the droop is set to be large to prevent over-deceleration of the rotor speed of a WG. The performance of the proposed inertial control was investigated in a model system, which includes a 200 MW wind power plant (WPP) and five SGs using an EMTP-RV simulator. The test results indicate that the proposed scheme improves the frequency nadir significantly by releasing a large amount of the kinetic energy during the initial period of a disturbance.
Introduction
The frequency of a power system should be maintained within the allowed limits to supply high-quality electricity. The system frequency interrelated to the active power balance between generation and consumption. In order to balance of active power, SGs with spinning reserve provide the frequency control such as the inertial response, the primary control, and the secondary control [1] .
Since wind energy has reached grid parity, the global installed capacity of WGs increased to 199 GW as of 2010 and it is expected to increase to 832 GW by 2020 [2] . Accordingly, global wind energy penetration will reach to 8.3 % and 15.8 % in 2020 and 2030, respectively. In 2050, all electrical energy in the EU will be supplied by renewable energy sources and half of them will come from wind energy [3] .
Variable speed WGs, which have been used widely, are operating in a maximum power point tracking (MPPT) control mode [4] . The MPPT control of WGs does not respond to the system frequency but the wind speed. This causes larger frequency drop and consequently jeopardizes the reliability of the power system. Therefore, the WGs should provide frequency support controllability as the conventional SGs.
To do this, inertial control algorithms of a WPP based on the power system frequency have been reported [5] [6] [7] . The two auxiliary loops, i.e. ROCOF loop and the droop loop, were proposed to release the kinetic energy stored in the rotating mass of WGs.
During the initial period of a disturbance, the ROCOF has a large value and the ROCOF loop is dominant since the ROCOF loop generates the power reference depending on the ROCOF [5, 6] . However, because of provision of active power from the SGs, the ROCOF decreases with time and thus, active power from the ROCOF loop will decrease. Furthermore, the ROCOF loop gives a negative contribution in frequency support after the frequency rebound. On the other hand, the droop loop generates additional power reference in proportion to the difference between the system frequency and the nominal frequency. The ROCOF loop is dominant at the initial period of a disturbance whilst the droop loop is dominant around the frequency nadir. The combination of the ROCOF loop and the droop loop has been suggested for mitigating the negative contribution from ROCOF loop and releasing a large amount of power until the frequency nadir [7] .
A dynamic droop-based inertial control for a WPP has been proposed [8] and this paper describes the extended study results of [8] . In the dynamic droop-based inertial control, at the initial period of a disturbance, where the ROCOF is large, the droop is set to be small to release a large amount of the kinetic energy. However, as times goes on, the ROCOF will decrease and thus the droop is set to be large. The performance of the proposed control algorithm was investigated in a model system, which consists of an aggregated 200 MW doubly-fed induction generator (DFIG)-based WPP and five SGs under various conditions using an EMTP-RV simulator.
Dynamic Droop-based Inertial Control for a WPP
This paper aims at increasing the frequency nadir by releasing a large amount of the kinetic energy of a WPP during the initial period of a disturbance. The proposed inertial control uses a droop loop, the gain of which is changed based on the ROCOF. This subsection describes the conventional inertial control scheme [7] briefly and the proposed inertial control scheme.
Conventional inertial control of a DFIG [7]
Fig . 1 shows the auxiliary loops of the conventional inertial control of a DFIG [7] . P ref consists of P 0 , ∆P, and ∆P in . ΔP in Fig. 1 is determined by the product of the frequency deviation and R, i.e.,
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where f sys is the system frequency and f nom is 60 Hz. On the other hand, the reference from the bottom loop, ∆P in , is determined by the product of the ROCOF and K, i.e.
Therefore, the relationship between the rotor speed of a WG, ω r and the difference between the mechanical power, P m , and the electrical output power, P e is represented by
where J is the moment of inertia of the rotor in kg·m 2 . When a disturbance occurs, ∆P and ∆P in increase and thus the kinetic energy is released from the rotating mass and thus the rotor speed will decrease. Fig. 2 shows the configuration of the proposed inertial control scheme. The proposed control scheme uses the droop loop only. However, to release more kinetic energy immediately after a disturbance, the dynamic droop, R(t), changes with the ROCOF and thus the power reference ∆P dynamic is determined by
Proposed inertial control of a DFIG
The relationship between ω r and power P m , and P e can be obtained from
If a disturbance occurs, the system frequency decreases. In order to enhance the frequency nadir, releasing a large amount of power is essential during the initial period of a disturbance. To do this, the proposed inertial control uses the dynamic droop, which is converted from the ROCOF.
There are many ways that transform the ROCOF into R(t). For convenience, this paper uses the simple relationship between R(t) and ROCOF as shown in Fig. 3 . If the ROCOF is smaller than −0.1, the R(t) is set to 0.02. In addition, for the ROCOF from −0.1 to 0.1, R(t) is set to be proportional from 0.02 to 0.05. Finally, for the ROCOF larger than 0.1, R(t) is set to 0.05, which is the same value as that of the SGs. Note that the relationship between the ROCOF into R(t) depends on the application purpose.
As shown in Fig. 2 , to prevent over-deceleration of the 
Wind power plant
An aggregated DFIG-based WPP is modeled in the model system. Fig. 6 shows the power curve of the WPP, where the cut-in, rated, and cut-out speeds are 4 m/s, 11 m/s, and 25 m/s, respectively. The MPPT power reference of the DFIG is set to be k g ω r 3 as in [9] . In this paper, the operating range of the rotor speed of the DFIG is set to 0.68−1.33 pu for reliable operation.
Case studies
As a disturbance, SG5, which is supplying 100 MW, is assumed to be tripped out at 30s. The test results for the two cases of 8 m/s and 11m/s will be shown in this subsection. The performance of the proposed control algorithm is compared with those of the fixed droop only, the fixed droop with the ROCOF, and the 'without (w/o) inertial control'. R for the fixed droop only and the fixed droop with the ROCOF is set to 5 % [10] .
To compare the performance of the inertial control algorithms, the nadir based frequency responses (NBFR), which is defined by the amount of the tripped generator to the nadir, as well as the frequency nadir, are evaluated. It assumes that WGs are operating in the MPPT mode prior to the disturbance and this means WGs has no reserve power. Figs. 7(b) and 7(c) show the ROCOF and corresponding R(t), which is obtained by using Fig. 3 . As expected, the ROCOF is larger than -0.1 at the initial period of a disturbance and thus the R(t) is set to 0.02 from Fig. 3 . R(t) is kept to 0.02 until the ROCOF reaches -0.1. Afterwards, R(t) increases as the ROCOF increases. We can see that .96 MW, respectively. As expected, because R(t) is set to be small as shown in Fig. 7(c) , the dynamic droop releases a large amount of additional power immediately after a disturbance. As time goes on, additional power decreases in accordance with the reduction of the ROCOF and the frequency deviation. It will converge because the frequency deviation becomes constant as time goes on. This is because the automatic generation control (AGC) to eliminate the steady state error is not included in this paper and the steady state error of the frequency is inevitable. If the AGC scheme is included and the frequency is completely recovered to the nominal value, the additional power will be zero.
As shown in Figs. 7(e) and 7(f), P 0 decreases with time because the rotor speed of a WG decreases due to the released kinetic energy for the inertial control (see Fig.  7(f) ). The reduction of the rotor speed of the proposed control is the largest since additional power for the proposed control is the largest as shown in Fig. 7(d) . P 0 for the dynamic droop decreases significantly with time compared with those of the other inertial control. The reduction in P 0 helps to avoid over-deceleration of a WG. Although P 0 for the proposed control decreases more than the other control schemes, additional power for the proposed control releases a large amount of the kinetic energy particularly in the early stage during the disturbance. Therefore, the proposed scheme can increase the frequency nadir significantly. .15 MW/0.1Hz, and 18.21 MW/0.1Hz, respectively. As in case 1, for the proposed control, the frequency nadir appears the highest and latest, and the NBFR is the largest.
Case
As shown in Figs 8(b) to 8(c), the ROCOF varies larger than -0.1 at initial period of a disturbance, and thus the R(t) is kept to be 0.02 until the ROCOF exceeds -0.1. Thereafter, R(t) increases with the ROCOF and converges 0.035 when the ROCOF becomes nearly zero.
For the proposed control, additional power increases immediately after disturbance since R(t) is set to be small during the initial period of a disturbance (see Fig. 8(d) ). Afterwards, it decreases depending on the reduction of the ROCOF and the frequency deviation.
As shown in Figs. 8(e) and 8(f), P 0 for the proposed control decreases with time because the proposed control releases a large amount of the kinetic energy and thus the rotor speed of the WG decreases significantly.
The maximum value of P ref for 'w/o inertial control', fixed droop only, fixed droop with ROCOF, and dynamic droop are 197.03 MW, 239.14 MW, 238.39 MW, and 257.26 MW, respectively (see Fig. 8(g) ).
Conclusion
This paper proposes an inertial control algorithm of a DFIG-based WPP using the dynamic droop. The proposed inertial control determines the droop based on the ROCOF. To release a large amount of the kinetic energy during the initial period of a disturbance, the droop is set to be small when the ROCOF is large. On the other hand, to prevent over-deceleration of the rotor speed of a WG, the droop is set to be large when the ROCOF is small.
The test results clearly indicate that the proposed inertial control can release the kinetic energy more than the conventional inertial control. Therefore, the frequency nadir and the NBFR are increased more than the conventional inertial control schemes. 
